ABSTRACT Adult female mosquitoes within the subgenus Culex (Melanoconion) Theobald (Diptera: Culicidae) are difÞcult to identify to species using external morphological features. We present two multiplexed polymerase chain reaction assays that quickly and accurately identify specimens from the southeastern United States based on sequence differences in the internal transcribed spacers of the ribosomal DNA gene array. One assay identiÞes all species that occur only in Florida, whereas the second assay identiÞes species that may occur in other southeastern states. These assays require small amounts of DNA, such as DNA from two sonicated legs, or an individual specimen. These assays also may be run as multiple singleplex reactions to determine the mosquito species composition of virus-positive mosquito pools. Reaction volumes may be as low as 10 l, which reduces assay cost.
Members of the subgenus Culex (Melanoconion) Theobald (Diptera: Culicidae) are the primary enzootic vectors of viruses in the Venezuelan equine encephalitis complex, including Everglades virus in the United States (Weaver et al. 2004) . In Florida, the primary vector of Everglades virus is Culex (Melanoconion) cedecei Stone & Hair (Coffey et al. 2006) . Culex (Melanoconion) erraticus Dyar & Knab has been implicated as a vector of West Nile virus (Cupp et al. 2007) , and eastern equine encephalomyelitis virus has been isolated from Culex erraticus and Culex (Melanoconion) peccator Dyar & Knab in Alabama (Cupp et al. 2003 (Cupp et al. , 2004 .
The adult females of many Culex (Melanoconion) species in the United States are difÞcult to identify to species because they are highly conserved morphologically. This problem is exacerbated by the effects of trapping and handling, which may damage diagnostic external characters. With the exception of Cx. (Mel.) erraticus, researchers will often identify Cx. (Melanoconion) specimens only to the subgeneric level. Recently, keys were developed for the species of the United States based on the characters of the cibarial armature (Williams and Savage 2009 ), which may be used to augment keys based on external morphology (Darsie and Ward 2005) . However, use of the cibarial armature is time consuming and requires careful dissections and slide preparation. More efÞcient methods for identiÞcation are needed for the species of Culex (Melanoconion).
Nine species of Culex (Melanoconion) occur in the southeastern United States (Williams and Savage 2009) . A 10th species, Culex (Melanoconion) anips Dyar has a distribution restricted to southern California and Mexico and is rarely collected in the United States. Cx. anips was not included in this study because of a lack of fresh specimens and because its distribution does not overlap those of the other nine species.
Among species collected in southern Florida for this project, a tentative new species has been identiÞed. The larval and adult stages are virtually indistinguishable from Culex (Melanoconion) atratus Theobald, including the male genitalia. However, this species can be distinguished based on examination of the shape of the teeth in the female cibarial armature (Williams and Savage 2009) Dyar & Knab. Culex (Mel.) cedecei is the only species in the United States that is in the Spissipes section as deÞned by Sirivanakarn lowed the DNeasy tissue kit insect protocol in Appendix G. The concentration of template DNA was checked using a spectrophotometer, and an aliquot was diluted to 6 ng/l. The ITS rDNA gene array was then ampliÞed by polymerase chain reaction (PCR) by using 18SFHIN and CP16 primers (Crabtree et al. 1995) . PCR reactions contained HotStarTaq master mix (QIAGEN) reagents: 10 l of 10ϫ buffer, 20 l of Q solution, 2 l of MgCl solution, 0.5 l of Taq polymerase, 2 l of dNTP mix (100 mM each of dATP, dCTP, dGTP, and dTTP) (Qiagen), 3 l of each primer at two ng/l, 50 l nuclease free water (Invitrogen, Carlsbad, CA), and 10 l of 6 ng/l template DNA for a total volume of 100 l. The cycling program consisted of one cycle of 95ЊC for 15 min, one cycle of 97ЊC for 4 min, followed by 30 cycles of 96ЊC for 30 s, 48ЊC for 30 s and 72ЊC for 2 min, followed by one cycle at 72ЊC for 5 min.
To conÞrm the presence of the ITS amplicon, 10 l of PCR product was run on a 1.8% agarose gel and bands were visualized by ethidium bromide staining. The Ϸ1,000-bp amplicons were then puriÞed using a QIAquick PCR puriÞcation kit (QIAGEN) on the remaining 90 l of PCR product. PuriÞed ITS fragments were cloned using a TOPO TA cloning kit (Invitrogen). Transformed cells were grown on agarose gel plates made from Immedia Amp blue packets (Invitrogen) that contain ampicillin, 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside, and isopropyl ␤-Dthiogalactopyranoside. Colonies were picked and grown overnight in 2 ml of Lennox L broth with 50 mg/liter ampicillin. A QIAquick spin miniprep kit (QIAGEN) was used to isolate the plasmid containing the ITS insert. PuriÞed plasmids were analyzed for the presence of the ampliÞed rDNA insert by EcoRI restriction enzyme digestion followed by agarose gel electrophoresis.
Plasmids containing mosquito rDNA inserts were sequenced using an ABI 3130XL Genetic analyzer with Big Dye master mix version 3.1 (Applied Biosystems, Carlsbad, CA), diluted 1:8, with plasmid primers M13forward and M13reverse (Invitrogen). The ITS sequencing primers used were 18SFHIN, CP16, CP17, CP17R, and 5.8SRECO (Crabtree et al. 1995) . Sequences were analyzed and aligned using the Lasergene 8 SeqMan and MegAlign modules (DNASTAR, Madison, WI). Primer Design and Multiplex Assay Development. Primers were designed using the Lasergene eight PrimerSelect program module. A single conserved forward primer, 18Smel, was designed from the 18S rDNA subunit gene near the ITS one sequence. Species-speciÞc reverse primers were designed based on differences unique to each species within the ITS 1 and 2 regions. These primers were designed as reverse primers such that each, when paired with the conserved forward primer, would amplify a fragment of unique size compared with fragments created by primers speciÞc for other species.
Primers were Þrst tested in singleplex reactions to verify ampliÞcation of the expected size fragment, followed by testing in multiplex reactions to ensure no primer-primer conßicts. To improve the utility of the assays for different geographical areas and to improve the size difference between amplicons, the species were divided into two multiplex assays: one assay for the Þve species that occur only in Florida (FL multiplex assay); and a second assay for the four species that may occur outside of Florida (US multiplex assay) ( Table 2) . PCR reactions were optimized based on 10-l reaction volumes, although larger reaction volumes may be used.
Protocol for Identification of Individual Specimens or Body Parts. We tested our primers on all species of Culex (Melanoconion) from the southeastern United States; however, we have not tested them against all mosquito species. Therefore, mosquito specimens should be accurately identiÞed based on morphological characters to the subgenus Culex (Melanoconion) by using Darsie and Ward (2005) , or similar reference before being processed for the following assays.
Individual mosquito specimens or selected body parts were triturated with a TissueLyser apparatus (QIAGEN) and DNA extracted using a QIAGEN 9604 Biorobot (Savage et al. 2006 (Savage et al. , 2007 , or by hand using a Kontes mini-mortar and pestle (VWR), followed by DNA extraction as described in DNeasy tissue kit protocol (QIAGEN). When preserving the body for other uses, specimens were identiÞed using DNA from two legs as follows. In a biosafety cabinet to protect lab personnel from potential viral aerosols, two legs were removed from each fresh, frozen, or ethanol-preserved mosquito, and the legs were submerged in 40 l of TE buffer (USB Corporation, Cleveland, OH) inside a PCR tube or 96-well PCR plate with cover. The tubes/wells were then sonicated using an ultrasonic cleaner (Bransonic, Danbury, CT) Þlled with tap water for 5 min. The sonicated leg solution should contain between 5 and 20 ng/l of DNA.
PCR master mix was made separately for the two multiplex assays. The US master mix includes all primers for the four species that may occur outside of Florida: Cx. peccator, Cx. abominator, Cx. erraticus, and Cx. pilosus. The FL master mix includes primers for the Þve species occurring only in Florida: Cx. atratus, Cx. atratus B, Cx. cedecei, Cx. iolambdis, and Cx. mulrennani. The HotStarTaq master mix kit (QIAGEN) was used with the following reagent volumes and concentrations per reaction: 1 l of 10ϫ buffer, 2 l of Q solution, 0.2 l of MgCl 2 solution, 0.05 l of HotStarTaq, 0.2 l of dNTP mix (QIAGEN), 0.6 ng of 18Smel conserved forward primer, 0.6 ng of each of the species speciÞc reverse primers, and sufÞcient nuclease-free water (Invitrogen) to yield a total volume of 9 l (this volume depends on the number of primers added to the master mix). One microliter of DNA template (5Ð50 ng/l) from a DNA extraction kit or other protocol was added to each sample well or tube. If the DNA template was from leg sonicates, the plate or tubes were placed in a biosafety cabinet and then 1 l of the sonicated leg solution was added to the appropriate well or tube, and then the tubes or plates were sealed.
The ampliÞcation program consisted of one cycle at 95ЊC for 15 min, followed by 36 cycles of 95ЊC for 30 s, 51ЊC for 30 s and 72ЊC for 2 min, followed by one cycle at 72ЊC for 5 min. PCR products were electrophoresed on a 1.8% agarose gel containing ethidium bromide. The PCR products were run alongside a 100-bp DNA ladder (Thermo Fisher ScientiÞc, Waltham, MA), so that band size of the PCR products could be determined.
Protocol for Identification of Species in Mosquito Pools. We recommend that specimens be identiÞed using the sonicated legs method described above before specimen bodies are pooled for virus testing. However, species composition of previously processed pools may be determined. To identify all species in a pool, a singleplex PCR assay must be carried out for each species that could potentially be present. The PCR master mix would be the same for a singleplex reaction as the multiplex reaction described above, except that only the 0.6 ng of 18Smel conserved forward primer and 0.6 ng of only one of the species speciÞc reverse primers is added for each reaction. The PCR master mix volume is adjusted with nucleasefree water volume to yield a Þnal volume of 9 l. One microliter of 5Ð50 ng/l template DNA is then added to each singleplex PCR reaction mix.
To evaluate singleplex reactions with varying pool size, we produced mixed pools of 10, 20, 40, and 50 mosquitoes. Each pool contained a single whole specimen of the following six species: Cx. erraticus, Cx. pilosus, Cx. atratus, Cx. mulrennani, Cx. atratus B, and Cx. iolambdis. The remaining specimens in each of the pools were Cx. cedecei. (e.g., 1:50 pool contained 44 Cx. cedecei and one specimen of each of the other six species). Specimen identiÞcations were based on associated larval skins when available and conÞrmed using leg extractions and multiplex PCR for each individual in the pool. Pools were ground and DNA was extracted using the same protocol as for whole individuals. Individual specimens of all seven species were assayed in singleplex reactions for comparison. All pools were assayed by multiple singleplex reactions.
Results
Ribosomal DNA was extracted, ampliÞed and cloned for at least two specimens from each species. At least two clones were sequenced from each specimen, and deposited in GenBank (HQ317347Ð HQ317382; Table 1 ). SigniÞcant differences were observed in the sequences between different species, whereas the sequences among specimens of a species and between clones from the same specimen were nearly identical. The sizes of the ampliÞed rDNA fragments were between 954 and 1062 bp.
A conserved forward primer, 18Smel, was designed within the 18S rDNA gene 111 bp downstream of the 18SFHIN primer to shorten the overall size of the amplicons. All clones from all specimens and species were aligned to determine areas of the ITS 1 and 2 sequences that were divergent between species, and conserved within each species. Species-speciÞc reverse primers were designed within these unique conserved areas for each species. The sequence of the primers and the size of each amplicon are shown in Table 2 .
Each primer was designed to create a single band of a unique size. However, ITS is a multiple copy gene, and specimens of Cx. erraticus will often create a second, weaker band, that can be as small as 250 bp in addition to the expected 290-bp band. The size of the smaller Cx. erraticus amplicon is approximately the same as the amplicon created by the Cx. atratus B primer, so these two primers should not be combined in the same multiplex assay.
The results of the US and FL assays are illustrated in Fig. 1 , showing DNA from one specimen of each species run in both multiplex assays. Each primer produced a single amplicon of the correct size in the presence of its target DNA. No primers signiÞcantly ampliÞed any nontarget sequence. There were no primer-primer interactions that reduced or eliminated ampliÞcation by any species-speciÞc primer, either within each of the assays, or between the US and FL assays. Mixed pools of 10, 20, 40, and 50 mosquitoes were made and tested with singleplex assays (Fig. 2) . All represented species were detected in all corresponding singleplex assays from mixed pools of 1:10 Ð1:50 (Fig. 2) . Band intensity for Cx. pilosus and Cx. mulrennani was less intense in mixed pools of 1:40 and 1:50, relative to pools of smaller size.
Discussion
The use of PCR assays has become an invaluable tool for mosquito identiÞcation, increasing both the accuracy and efÞciency of identiÞcation. The PCR assays described here are especially helpful because adult females of many species of the Culex (Melanoconion) are morphologically similar and difÞcult to identify. Use of these assays will allow for reliable identiÞcation of specimens collected in arbovirus surveillance programs, and Þeld research on the ecology and behavior of mosquitoes. They can provide conÞrmations for species identiÞcations based on external morphology, and identify species that might otherwise be identiÞed only to the subgeneric level. The two multiplex assays, one for species occurring in Florida and the second for those species that may occur in other southeastern states (US assay), were designed to identify individual mosquitoes or body parts such as legs (Table 2 ; Fig. 1 ). Using two legs to conduct the assay, allows the remainder of the specimen to be preserved or used in others studies such as arbovirus testing.
The PCR assays must be run in singleplex to assess the species composition of arbovirus positive pools (Fig. 2) . When performing the assay on DNA from pooled mosquitoes, a multiplex reaction will not accurately reveal all species present in the pool. SpeciesspeciÞc reverse primers with higher annealing temperatures will dominate the reaction, and species with few representatives in the pool and therefore lower concentrations of DNA, will not adequately compete with the DNA from species in higher concentrations. We have detected all species represented by a single specimen in mixed pools of up to 50 specimens when using multiple singleplex assays; however, amplicons for single specimens may be less intense on gels for pool sizes of 40 or 50 than in smaller pools (Fig. 2) .
The US and FL multiplex Culex (Melanoconion) assays will effectively identify Culex (Melanoconion) species from anywhere within the southeastern United States. These assays could be modiÞed to work in speciÞc geographic areas by removing the primers for species that do not exist in the study area; however, it is not necessary to do so. Primers also could be moved among assays to produce new site or state speciÞc assays provided that amplicon sizes are not similar. For example, the primers for Cx. erraticus and Cx. atratus B should not be used in the same multiplex assay.
One potential problem with these assays is the pair of species Cx. abominator and Cx. peccator, which are extremely closely related, with as little as 3% divergence in the ITS 1 and 2 regions. We were unable to design species-speciÞc primers for these two species with highly divergent 3Ј ends. There are only six base differences between the pecR primer and the Cx. abominator ITS DNA, and Þve base differences between the aboR primer and the Cx. peccator DNA. At the annealing temperature of 51ЊC used in this study, these two primers will sometimes anneal to the other species nontarget DNA, and give false positives. This may be corrected by increasing the annealing temperature from 51 to 55ЊC in areas of Texas or Louisiana where both species may be present.
These assays provide a robust and adaptable tool for the rapid and accurate identiÞcation of Culex (Melanoconion) mosquitoes in the southeastern United States. The low reaction volumes and adaptability of the assays makes them economical for research laboratories and surveillance programs where PCR capabilities exist. vidual rearings, and light trapping: K. Bennett, D. Charnetzky, M. Godsey, and E. Gordon. We thank M. Crabtree (CDC) for helpful comments of a draft of this manuscript.
